Background: Inadequate retinoid status has often been described as occurring with aging. Moreover, subclinical hypothyroid status has also been evoked in the elderly. Several studies performed in animals have described the crucial incidence of age-related hypo-functioning of retinoid and thyroid signalling pathways, particularly in the brain. Objective: The aim of the present study was to clarify whether aging modifies retinoid and thyroid signalling in humans. Methods: Using real-time RT-PCR the relative amount of mRNA of the retinoid (RARa, RARg and RXRa) and thyroid (TRa and TRb) nuclear receptors in peripheral blood mononuclear cells (PBMC) of young (24 -57 years old, n ¼ 22) compared with elderly (69-90 years old, n ¼ 24) healthy subjects was quantitated. Classical plasma parameters used to characterize the retinoid and thyroid status -retinol (ROH), retinol-binding protein (RBP), free triiodothyronine (FT3) and thyroxine (FT4), thyroid-stimulating hormone (TSH) and transthyretin (TTR) -were also assessed. Results: RARg expression was significantly decreased in elderly versus young subjects while no modification of the retinoid-related plasma parameters ROH and RBP were emphasized by aging. Concerning thyroid criteria, the elderly exhibited an increase in TSH concentration (þ39%) without significant modifications of FT3 and FT4, which indicated an age-related sub-clinical hypothyroidism. Concurrently, the amount of TR mRNA (a as well as b subtypes) was significantly decreased in the elderly. Conclusion: These data constitute the first evidence of an age-related hypo-activation of the retinoid and thyroid nuclear pathways in PBMC. Further study of the possible association between the expression of the retinoid and thyroid nuclear receptors and age-related cognitive alterations in humans would be interesting.
Introduction
The aging process is a heterogeneous and inevitable phenomenon involving the whole organism. The life expectancy and the number of elderly persons are increasing in industrialized countries, largely as a consequence of improvements in health care (1) . These observations contribute to the development of recent research on human aging mechanisms (2 -5) .
Hormones, some soluble mediators of the inflammatory response, free radicals, anti-oxidants, and macroand micro-nutrients associated with aging-linked health damage, have been defined as potential markers of aging (6, 7) . Among them, the markers involved in the status and function of vitamin A and thyroid hormones have been the subject of considerable interest (8 -10) . Alterations in retinoid metabolism and thyroid dysfunction occur with senescence. Age-related alterations in vitamin A metabolism, particularly plasma retinol (ROH) concentration have been reported in rats and humans (11, 12) . Vitamin A deficiency has also been identified in elderly subjects (13) . In addition, changes in thyroid function are often described in elderly people. There are reports of similarities between the signs of hypothyroidism and clinical features of healthy elderly subjects (14) and increased thyroid-stimulating hormone (TSH) secretion with aging (10, 15) . Finally, in old people, plasma ROH is negatively associated with free thyroxine (FT4) and TSH serum levels (15) . All these data suggest an age-related alteration of vitamin A and thyroid status. Numerous links between diseases or disorders occurring with aging and alterations in these states have been evoked in the literature. Comparisons between healthy centenarians and younger (80 years old and less) subjects has shown that very old people exhibit significantly higher plasma ROH levels (9) .
Recently, Goodman and Pardee (16) reported an association between the late onset of Alzheimer's disease and abnormal retinoid metabolism. Moreover, several studies have also reported that dysfunction of the thyroid gland is a common clinical disease associated with aging (17) (18) (19) (20) . Investigations into the relationships between thyroid status and cognitive abilities in humans have shown that a deficit in thyroid hormones induces severe anatomic and functional alterations of the nervous system, and intellectual impairment (21 -24) .
However, in humans, little is known about agerelated modifications in the metabolism and signalling pathways of vitamin A and thyroid hormones. Vitamin A, and retinoic acid (RA) have a wide variety of profound effects on growth, epithelial tissue differentiation and homeostasis, and are involved in maintaining an efficient immune system (25) . RA is able to partly regulate gene expression through binding to specific nuclear receptors: retinoic acid receptors (RARs) or retinoic X receptors (RXR) (26) . The RAR family (a, b, g) is activated by both all-trans RA and by 9-cis RA, whereas the RXR family (a, b, g) is exclusively activated by 9-cis RA. These nuclear proteins are DNA-binding proteins, which belong to the superfamily of ligand-activated transcriptional regulators (27) . Thyroid hormone nuclear receptors (TRa and TRb) are also members of the nuclear receptor superfamily and regulate target genes in response to the triiodothyronine (T3) ligand (the active form of thyroid hormones) (28, 29) .
It has also been shown that RXR forms heterodimers with either RAR or TR in order to allow the regulation of gene transcription by interacting with distinct sequences in the promoter of target genes. Retinoids and thyroid hormone signalling pathways work in close relationship, particularly by means of RXR, which is the essential common partner for functional heterodimers for both pathways (30 -32) .
Studies performed in animals (rats and mice) have shown that aging is accompanied by hypo-activity of retinoid and thyroid signalling, measured as a hypoexpression of the nuclear receptors RAR, RXR and TR; this has been observed in several organs (33, 34) , which confirms that the drop in retinoid and thyroid status affects the entire organism.
Therefore, taken together, previous studies on the functional significance of retinoid and thyroid signalling have lead us to hypothesize that optimal maintenance of physiological processes requires precise regulation of the activation of these pathways. Moreover, aging also seems to lead to a decrease in the availability of RA and T3 inside the cell, a decrease which would lead to hypo-expression of the nuclear receptors. This phenomenon, which has been demonstrated in animals, has not yet been observed in humans. Indeed, measurements of ROH, thyroid hormones and peripheral concentrations of TSH performed in elderly populations do not reflect the intracellular availability of RA or thyroid hormones and thus the functional status of retinoid and thyroid signalling.
In order to assess the effects of aging on vitamin A and thyroid signalling pathways in humans, the expression of RARa, RARg, RXRa, TRa and TRb in young versus healthy elderly subjects were compared. The amounts of mRNA in a more approachable tissue, peripheral blood mononuclear cells (PBMC), were quantified.
Subjects and methods

Subjects
Forty-six healthy men and women volunteers were recruited for this study: 22 (24 -57 years old) in the young group (YG) and 24 (69 -90 years old) in the elderly group (EG). Subjects for the YG were selected from volunteers according to their age, i.e. less than 60 years, and their health. We recruited only healthy subjects and tried to have equal numbers of men and women in this group. The subjects of the EG were selected from a large cohort, the Three City (3C) Study. This is a collaborative research program based on a cohort of 9294 subjects aged 65 years and over, recruited in three French cities. The cohort was randomly sampled from the electoral rolls and was supplemented by volunteers. Baseline data collection included socio-demographic variables, medical history, blood pressure, anthropometrical data, functional status of cognitive functioning, and past and present consumption of tobacco, alcohol and drugs. Among several psychometric tests, the mini mental score examination (MMSE) (35) was used to assess the cognitive performance of the subjects. At enrolment, neither young nor elderly subjects had chronic medical problems or illnesses associated with immune dysfunction. The study protocol was approved by the Ethical Committee of the University Hospital of Kremlin-Bicêtre (Paris, France). Each participant signed an informed consent form to participate in this study.
Health status
Venous blood was collected from all subjects after overnight fasting (< 12 h after previous meal). Diagnostic kits (RIA and IRMA, Immunotech, Marseille, France) were used to measure FT3, free thyroxine (FT4) and TSH concentrations. The plasma ROH concentration was determined by HPLC according to the method of Leclercq and Bourgeay-Causse (36) . Plasma transthyretin (TTR) and retinol-binding protein (RBP) concentrations were measured using an immunonephelometric process (Nephelometer Analyser II; Behring Diagnostics Inc., Deerfield, IL, USA). Plasma total cholesterol (TC) and total triglyceride (TTG) concentrations were measured by an enzymatic method using a Synchron CX5 analyser (Beckman Coulter, Villepinte, France). It was not always possible to measure the plasma parameters for all the subjects.
Preparation of PBMC
Isolation of human (YG and EG) blood mononuclear cells was performed by density gradient centrifugation using Ficoll-Paque Plus solution (Amersham). After overnight fasting, venous blood (5 ml) was drawn into an EDTA-coated vacutainer tube and layered onto 4 ml Ficoll-Paque Plus solution and then centrifuged at 400 g for 20 min at 20 8C. PBMC were removed from the plasma -Ficoll interface, washed twice in PBS (1 M, pH 7.2) to remove platelets, Ficoll-Paque and plasma. PBMC were then suspended in Trizol reagent (Invitrogen) for total RNA preparation.
PBMC from the YG and the EG were assayed simultaneously in all assays to ensure that differences between groups were indeed biological and not a result of inter-assay variation.
Quantification of mRNA expression
Total RNA preparation Blood mononuclear cells were directly homogenized in 1 ml Trizol reagent solution and total RNA was extracted following the manufacturer's suggested protocol for small quantities of tissue. Purified RNA was quantified and assessed for purity by u.v. spectrophotometry. The average yield of total RNA extraction was not significantly different in PBMC from young or elderly subjects.
Reverse transcription and analysis of gene expression Reverse transcription and analysis of gene expression using a real-time PCR (PCR assay involving Light Cycler technology) were carried out as described by Redonnet et al. (37) with minor modifications specific to the gene studied. Specificity of primers was validated through the verification of RT-PCR product specificity. The identity of amplified products was verified by sequencing with the Dye Terminator Reaction Cycle kit (Perkin-Elmer, Norwalk, CT, USA) and analysed on an ABI PRISM 377 automated DNA sequencer (Perkin-Elmer).
According to the level of expression of each gene of interest, we used a specific housekeeping gene. Their levels of expression have to be comparable (less than five cycles of interval). Cyclophilin cDNA was used as housekeeping for the relative quantification of cDNA of RARa, RXRa and TRa, while porphobilinogen deaminase (PBGD) cDNA was used for RARg and TRb. The forward and reverse primer sequences were as follows. . The results were normalized by the ratio of the relative concentration of the target gene to that of the PBGD or cyclophilin sample. The real-time PCR method confirmed that the expression level of the housekeeping genes was unaffected by aging. It was not always possible to measure the relative amount of each nuclear receptor for all the subjects.
Statistical analysis
Data are expressed as means^S.E.M. All statistics were calculated using Statgraphics Plus software. The statistical significance of differences between means was calculated by ANOVA followed by Student's t-test; except for the TSH concentration for which the Kruskal -Wallis test was employed because the S.D. appeared to be different between the two groups. Linear regression was used to analyse the relationships between variables. Statistical significance was accepted at P , 0.05.
Results
The sample studied comprised 16 men and 30 women. At inclusion, the mean age was 35.5 years (range, 24 -57 years) for the YG and 75.1 years (range, 69 -90 years) for the EG. The YG included 12 (54%) women and 10 (45%) men. Among the elderly subjects, 18 (75%) were women and six (25%) were men (Table 1) . Several biological characteristics were different between the young and elderly, particularly the lipid parameters. As shown in Fig. 1 , TC and TTG concentrations were significantly increased (P ¼ 0.027 and P ¼ 0.014 respectively) in the plasma of elderly subjects in comparison with the young group, although the values remained within the laboratory reference range.
Retinoid status
Serum ROH concentration was measured in order to characterize the vitamin A status of the subjects. No significant difference was observed between the YG and the EG. The variation in plasma RBP concentration, proposed as a simple surrogate measure for vitamin A assessment (38, 39), was not different in the EG as compared with the YG. These two parameters were, moreover, within the laboratory reference values, which indicated that all the subjects exhibited a normal nutritional status (Table 2 ). In the YG as well as the EG, the ROH concentration correlated very well with the RBP concentration (r ¼ 0.80, P , 0.0001). The calculation of the RBP to TTR molar ratio (RBP:TTR) has been proposed as an indirect method for vitamin A assessment (40, 41) . In this study, this ratio was significantly higher in the EG than in the YG (þ 16%, P , 0.001) (Fig. 2) . TTR or prealbumin measurement was used as an indicator of the nutritional status. As shown in Fig. 1 , the plasma TTR concentration was lower in the EG as compared with the YG (2 15%, P ¼ 0.003) (Fig. 2) . Moreover, in the EG the TTR concentration was correlated with age (r ¼ 2 0.46, P ¼ 0.023). In the whole population we observed a correlation between TTR and ROH or TTR and RBP (r ¼ 0.51, P , 0.001 and r ¼ 0.54, P , 0.001 respectively).
ROH was well correlated with RBP concentration, and also exhibited good correlation with the RBP:TTR ratio in the young subjects (r ¼ 0.62, P ¼ 0.006). This correlation slightly decreased with aging (r ¼ 0.48, P ¼ 0.031).
Several subtypes of retinoid receptors were found expressed in the human PBMC. The relative expressions of mRNA of RARa, RARg and RXRa are given to assess the intracellular functions of the retinoids. No significant difference was found between young and elderly subjects except for the RARg isoform, the mRNA amount of which was significantly reduced in the PBMC of the EG as compared with the YG (2 16%, P ¼ 0.042) ( Table 3) .
Thyroid status
The thyroid status of the subjects in each group was classically assessed by measurement of FT3, FT4 and TSH in the plasma. Of the three parameters, TSH was the only one which exhibited a significant difference between the two groups, þ 39% (P ¼ 0.045) in the elderly compared with the young group, while remaining within the laboratory reference range (Fig. 2) .
The relative expression of thyroid receptors, TRa and TRb subtypes expressed in PBMC, was measured in order to describe the intracellular function of the thyroid hormones. The amounts of both TRa and TRb mRNA were found to be significantly reduced in the EG as compared with the YG ( 2 13%, P ¼ 0.023 and 2 18%, P ¼ 0.015 respectively) ( Table 3) .
Correlations between plasma parameters and the relative expression of nuclear receptors Different correlations between ROH, RBP, RBP:TTR ratio and the expression of RARa, RARg or RXRa in the PBMC were considered. As shown in Fig. 3 , the expression of RARg mRNA was positively correlated, firstly, to the ROH concentration in the YG (r ¼ 0.52, P ¼ 0.045) and also to the RBP:TTR ratio of the YG (r ¼ 0.64, P ¼ 0.018). No similar associations were observed in the EG. No other correlations were observed between RARa or RXRa and the plasma parameters.
Likewise, close relationships between FT3, FT4, TSH and TRa or TRb were considered. A significant positive correlation between the FT3 concentration and the expression of TRb mRNA was found in the YG (r ¼ 0.60, P ¼ 0.022) but not in the EG. Interestingly, the RBP:TTR ratio and the TRb expression were significantly but negatively associated in the YG (r ¼ 2 0.62, P ¼ 0.031) but not in the EG (Fig. 4) .
No other correlations were observed between TRa and plasma parameters.
Discussion
Aging is a variable but tightly programmed biological phenomenon. Little is known about why and how we age. Elucidation of the mechanisms of aging and Figure 1 Plasma concentration of total cholesterol and total triglycerides in young and elderly groups. Statistical analyses performed using ANOVA followed by Student's t-test showed significant differences between young and elderly groups. †, mean value; horizontal line in each box indicates the median; *value distant of two S.D. from the mean.
age-associated disorders is one of the highest priorities in industrialized countries. Knowing the extensive role of the retinoid and thyroid pathways in the physiology of adults and the elderly, particularly in the brain, the purpose of this study was to determine whether the abundance of retinoid and thyroid nuclear receptor isoforms is modified by aging in human PBMC.
Retinoid status
In the present study, when compared with the young group, elderly people did not exhibit any differences in the plasma parameters that traditionally characterize vitamin A status, namely the concentrations of ROH and RBP (38, 39) . This situation has been observed previously (15, 42) . The present study differs, however, from some others that have shown a higher retinol concentration in older subjects (9) or a gradual, linear increase in the average concentration of retinol with age (43) ; some other studies have described agerelated reduction in plasma retinol concentration (11, 13) . Here, in young as well as in elderly subjects, the ROH concentration correlated very well with the RBP concentration (r ¼ 0.80, P , 0.0001). This is consistent with the 1:1 molar complex between RBP and ROH in plasma (44) . Moreover, no subjects had a fasting plasma retinol concentration under 1.4 mmol/l, a threshold assumed to indicate a moderate risk of vitamin A deficiency (45) . The unimpaired vitamin A status of the subjects was confirmed by a RBP:TTR molar ratio higher than 0.37 in the entire population studied (young and elderly). This cut-off point (RBP:TTR ¼ 0.37) was proposed in order to assess vitamin A deficiency in adults and children (40, 41) .
Interestingly, the present data constitute the first observation of an age-related increase in this ratio; the implications of this remain uncertain. The variation in the ratio with age may be attributed, at least in part, to the decrease in the TTR concentration in the EG as compared with the YG. The correlation between age and TTR concentration evidenced in the EG was in agreement with the observation of Ingenbleek and De Visscher (46) , who have shown such an age-dependent decrease in TTR after 50 years of age. Robbins (47) furthermore affirmed that the TTR concentration in plasma must be considered as a sensitive indicator of malnutrition and illness owing to a reduction in its production rate in combination with its very rapid rate of disappearance from the circulation. However, the TTR concentration in the YG and the EG remained within the laboratory reference limits.
Moreover, association of the ROH and the RBP concentrations with the RBP:TTR ratio confirmed this ratio as a good indicator of vitamin A status in adults.
Expression of retinoid nuclear receptors
In this study, the quantification of the expression of the retinoid nuclear receptors, which constitutes a reliable approximation of the real bioavailability of retinoids at the nuclear level in PBMC, was promoted. The results demonstrated that, even though RARa and RXRa Figure 2 Plasma concentration of TTR, TSH and RBP:TTR ratio in young and elderly groups. Statistical analyses performed using ANOVA followed by Student's t-test for TTR and RBP:TTR and using Kruskal-Wallis test for TSH concentration showed significant differences between young and elderly groups. †, mean value; horizontal line in each box indicates the median.
expression was not significantly changed in PBMC with aging, it tends to change toward down-regulation for RARa and to up-regulation for RXRa. The RARg expression was significantly reduced in the PBMC of elderly subjects relative to young subjects. These data constitute the first evidence of hypo-activation of the retinoid pathway in the elderly. They differ from emerging data reporting that, in order to maximize utilization of scarce ligand, aged human skin overexpressed RARa in a compensatory manner (48) . While aging is usually associated with reduced RA bioavailability and lowered expression of receptors (34, 72) , it appears that expression of retinoid receptors is particular to each specific tissue type. Moreover, although it was possible to show a strong correlation between the ROH concentration and RARg expression in young people (r ¼ 0.52, P ¼ 0.045), this correlation abated with aging (r ¼ 0.38, P ¼ 0.08). Similarly, RARg expression was closely related to the RBP:TTR ratio in the young but not in the elderly. It would seem that the potential association between the peripheral markers of vitamin A status and the retinoid function was no longer feasible in older people. This may indicate that aging reduces the nuclear bioavailability of RA, leading to an alteration in the function Statistical analyses were performed using ANOVA followed by Student's t-test. * Significantly different from young group, P , 0.05. of the retinoid pathway not perceptible by measuring plasma parameters. Additionally, use of gene expression assays to assess vitamin A status instead of more classical analysis methods has already been proposed by Furr (49) .
Thyroid status
The endocrine system is often referred to as being affected by aging, because age alters the function of many endocrine glands, including the thyroid (50) . As has been previously observed (15, 51) (54) . Moreover, a logit model indicated that increasing values of serum TSH above 2 mUI/l at first survey increased the probability of developing hypothyroidism (55) . The present results were coherent with this thyroid status, which is difficult to diagnosis because symptoms are subtle and very often attributed to normal aging (56) . The intra-subject variability in TSH concentrations suggests another consequence of the aging process: the increased physiological heterogeneity of elderly subjects (57) . The significant decrease in the TTR concentration observed in the elderly supported the idea that alterations of thyroid status occur with aging in that TTR is a plasmatic protein that binds and carries the thyroid hormones in the circulating system (58) . The increased TSH concentration was probably a sign of subtle dysfunction in the regulation of the thyroid hormone production occurring with advancing age. Moreover, as previously described, hypothyroidism is frequently associated with an elevation in serum cholesterol and triglycerides (59) . Subclinical hypothyroidism was also associated with higher concentrations of triglycerides (60) explaining perhaps, at least in part, the observation of an increase in serum triglycerides in the elderly in this study. The age-related increase in TC concentration could be associated with an attenuated thyroid status in the elderly since the regulation of cholesterol metabolism was T3 dependent (61, 62) . Therefore, even if FT3 appeared unmodified in the elderly subject, its action is mediated by means of TR, the expression of which was decreased. Efstathiadou et al. (63) have reported that the composition and transport of lipoproteins are disturbed in thyroid diseases.
Expression of thyroid nuclear receptors
Measurement of the expression of thyroid nuclear receptors at the mRNA level, in PBMC, confirmed that irregularities in thyroid function take place with aging. Indeed, TRb and, to a lesser extent, TRa were significantly decreased in the elderly as compared with young subjects. The TRb receptors are the most potent regulators of TSH production (64) . Thus the decreased expression of TRb could explain, in part, the increase in TSH concentration in the elderly. Thyroid hormone regulation of nuclear TR in human lymphocytes has already been demonstrated by Li et al. (65) . Sadow et al. (66) have reported that TR isoforms are auto-regulated transcription factors that function in a tissue-specific manner. TRa and TRb subtypes can mediate an opposite response to thyroid hormones. The present results confirm the good correlation between free T3 in the plasma and the amount of mRNA of TRb, but not TRa, in the young group (r ¼ 0.60, P ¼ 0.022), which vanished in the elderly (r ¼ 0.1, P ¼ 0.66). A similar relationship, which disappeared in the elderly, existed in the YG between the molar ratio RBP:TTR and the abundance of TRb mRNA (YG, r ¼ 2 0.62, P ¼ 0.03; EG, r ¼ 0.04, P ¼ 0.87). Together, all these results suggest that the decreased expression of TR is the result of an age-related reduction of the bioavailability of thyroid hormones, particularly T3, at the nuclear level. As we have already suggested for the retinoid pathway, this phenomenon would lead to hypo-activation of the nuclear thyroid pathway.
The results obtained in the present study are the first evidence for an age-related hypo-expression of retinoid and thyroid nuclear receptors, in human PBMC. However the functional implications of the observed changes remain difficult to clarify.
Concerning the consequences of such modifications in PBMC, it is known that a diminution of immune responsiveness occurs in the elderly (67) . Moreover, considering that all trans retinoic acid is able to stimulate the immune system through mechanisms involving RAR (68) , it is possible to assume that the agerelated hypo-expression of the retinoid receptors is involved in a decrease of the cell cycle machinery and proliferation of normal human lymphocytes. Elsewhere, a lower immune responsiveness has also been observed in vitamin A deficient animals, which exhibited a hypofunction of the retinoid signalling pathway (69, 70) . Previous studies performed in several animals tissues have emphasized that aging leads to hypo-expression of the nuclear retinoid and thyroid pathways, indicating that thyroid and retinoid status are altered with aging, in the entire organism (33, 34) . Hence, it is possible that alterations in retinoid and thyroid receptors observed in PBMC of the elderly may also occur during aging of other human organs. Among these organs, the brain might be particularly exposed. Indeed, it has been shown in animals that retinoid, as well as thyroid, status modulates the plasticity of the adult brain (24, 71) and that their age-associated alteration induces cognitive impairment (72) . Moreover, high serum TSH level has been associated with depression in the elderly (73) and hypothyroidism is well known to induce cognitive impairment and dementia (74, 75) . The role of retinoids in brain aging seems of primary importance itself, in that evidence for defective retinoid transport and function in late-onset Alzheimer's disease has been published (16) . Recently, data showing that a disruption of the retinoid signalling pathway causes a deposition of amyloid beta in the adult rat brain have been published (76) .
Conclusion
The present investigation, performed in human PBMC demonstrates that hypo-activity of not only the thyroid, but also the retinoid, signalling pathway occurs with aging; and this hypo-activity is not perceptible from plasma parameters measurements. However, it is not possible to conclude with surety if these results are predictive of the retinoid and thyroid status in the whole organism. Nevertheless, the determination of the evolution of the retinoid and thyroid signalling pathways in the elderly brain is of crucial importance, and it remains to be determined whether the modifications observed in PBMC are relevant for brain functions.
